The chromosomal ccpA gene from Lactobacillus casei ATCC 393 has been cloned and sequenced. It encodes the CcpA protein, a central catabolite regulator belonging to the LacI-GalR family of bacterial repressors, and shows 54% identity with CcpA proteins from Bacillus subtilis and Bacillus megaterium. The L. casei ccpA gene was able to complement a B. subtilis ccpA mutant. An L. casei ccpA mutant showed increased doubling times and a relief of the catabolite repression of some enzymatic activities, such as N-acetylglucosaminidase and phospho-␤-galactosidase. Detailed analysis of CcpA activity was performed by using the promoter region of the L. casei chromosomal lacTEGF operon which is subject to catabolite repression and contains a catabolite responsive element (cre) consensus sequence. Deletion of this cre site or the presence of the ccpA mutation abolished the catabolite repression of a lacp::gusA fusion. These data support the role of CcpA as a common regulatory element mediating catabolite repression in low-GC-content gram-positive bacteria.
Microorganisms can use a wide range of carbon sources for growth; however, they have developed systems that ensure the preferential use of readily metabolizable carbon sources. One of these systems is carbon catabolite repression (CR), which modulates gene expression in response to the availability of carbon compounds. CR is well known in enteric bacteria, in which the glucose-specific EIIA Glc of the phosphotransferase system (PTS) modulates the activity of adenylate cyclase, and it is the level of cyclic AMP which controls the transcriptional regulatory activity of the catabolite-activating protein (CAP) (36) . There is also another mechanism of CR that is currently under study for enteric bacteria. This mechanism is cyclic AMP independent and uses the catabolite repressor-activator (Cra) protein, formerly designated FruR, which is a member of the LacI-GalR family of repressor proteins (40, 42) .
Among low-GC-content gram-positive bacteria, CR has been best characterized for the genus Bacillus (22, 25) . In these organisms, CR negatively regulates gene expression and does not involve cyclic AMP. Detailed studies of CR in Bacillus subtilis have shown that one of the components of the PTS, the HPr protein, is phosphorylated at a serine residue by an HPr kinase (8, 9) . The activity of this HPr kinase is allosterically regulated by the levels of fructose-1,6-bisphosphate and P i , which in turn are related to the energy status of the cell. This P-Ser HPr has been shown to mediate inducer exclusion and expulsion effects which can cause CR (41, 51) , but it can also interact with CcpA, a protein belonging to the family to which Cra of Escherichia coli belongs (7) . This interaction stimulates the binding of CcpA to a 14-bp DNA sequence, called the catabolite-responsive element (cre), which is found in the 5Ј region of most genes subject to CR (13, 26) . It is believed that CcpA-cre binding regulates gene expression by blocking transcription at the level of initiation or elongation. Recent findings also demonstrate P-Ser HPr-independent binding of CcpA complexed with glucose-6-phosphate to other accessory cre sites (16, 32) . This would explain why P-Ser HPr is necessary for CR of some genes but not others, such as the amyE gene (47) . In addition, recent experiments have shown the existence of even other signal transduction pathways that modulate CR, which makes the picture of CR in gram-positive bacteria extremely complex. For example, Staphylococcus xylosus mutants defective in a glucokinase gene (glkA) still had 75% of the wild-type glucokinase activity but were derepressed for several metabolic activities (48) . These findings suggest that GlkA may have a regulatory function in CR similar to that of the CR regulator glucokinase of the high-GC-content Streptomyces coelicolor (2) .
HPr kinase and cre sequences in genes subject to CR have been found in many different gram-positive bacteria. The ccpA gene in B. subtilis (23) , Bacillus megaterium (27) , and S. xylosus (11) has also been characterized; it was also detected by PCR and inactivated in Lactobacillus pentosus (30) , and antibodies against B. megaterium CcpA were shown to react with proteins in cell extracts of several gram-positive bacteria (29) . These data suggest that the pathways mediating CR in the genus Bacillus could be common to other gram-positive bacteria.
Lactobacillus casei is a lactic acid bacterium found in the human intestine and in a wide variety of fermented food products. Preliminary studies of CR and its glucose and lactose transport systems have been reported elsewhere (4, 10, 46) , and, recently, two mechanisms controlling the expression of the lactose operon have been suggested: CR mediated by the PTS components and possibly by CcpA and induction by lactose through the antitermination protein LacT (1, 15) . However, detailed studies of this microorganism have been difficult because of the nearly complete absence of genetic tools.
We intended to identify a ccpA homolog in L. casei ATCC 393 and determine its molecular role as mediator of CR. For this purpose, the gene was first cloned and inactivated by a double crossover, the first report of a gene disruption in L. casei. In order to monitor the effect of ccpA, several enzymatic activities in the wild-type and mutant strains were quantified, and detailed analysis of the promoter region of the lactose operon, containing a cre site, was performed. LE392, and the initial 10 5 phage were recovered from the agar plates and stored at 4°C. To clone the ccpA gene, a PCR screening approach as described by Griffin et al. (17) (14) .
Southern and Northern hybridization. Digested L. casei DNA was separated in agarose gels, blotted to Hybond nylon membranes (Amersham), and hybridized with digoxigenin-labelled DNA probes (Boehringer) at 60°C in 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) buffer. The DNA probe used in both types of experiments comprised a fragment of 823 bp from nucleotides (nt) 363 to 1186 of the reported sequence (see Fig. 1 ). The hybridized probe was detected with anti-digoxigenin-alkaline phosphatase conjugate and the chemiluminescent substrate CSPD (Boehringer).
RNA was isolated from cells grown in MRS fermentation medium (AdsaMicro) with 0.5% appropriate carbohydrates to an optical density at 550 nm (OD 550 ) of 0.8. Cells (25 ml) were collected by centrifugation, washed with 20 mM Tris (pH 7.5), and resuspended in 1 ml of 0.2 M ammonium acetate-20 mM magnesium acetate-25% sucrose-5 mg of lysozyme, 10 U of mutanolysine. After 30 min of incubation at 37°C, the cells were centrifuged and lysed with 500 l of 0.2 M sodium acetate (pH 4.8)-10 mM EDTA-1% sodium dodecyl sulfate-500 l of phenol. Nucleic acids were extracted with phenol-chloroform and chloroform-isoamyl alcohol, and RNA was precipitated at 4°C, with 8 M LiCl added to a final concentration of 2 M. The RNA pellet was washed with 70% cold ethanol and resuspended in diethylpyrocarbonate-treated water. RNA (15 g) was separated in 1% agarose-formaldehyde gels, transferred to Hybond nylon membranes, hybridized at 65°C with a DIG-labelled DNA probe of the ccpA gene, and detected as described above.
Primer extension. A 15-g amount of RNA was annealed for 5 min at 65°C to 0.2 pmol of 32 P-5Ј-labelled oligonucleotide (ccpa7 [5Ј-CCATTAACGACTCGA GACACTG-3Ј]; nt 377 to 356 of the ccpA gene sequence) in 20 l of 1ϫ reverse transcriptase buffer (Amersham) containing 0.5 mM deoxynucleoside triphosphates and extended for 1 h at 42°C with 10 U of avian myeloblastosis virus reverse transcriptase (Amersham). The cDNA products were loaded in a 6% polyacrylamide-6 M urea gel, together with a sequencing reaction performed with the same primers, and the bands were detected by autoradiography.
Enzymatic assays. Permeabilized L. casei cells were obtained as described elsewhere (4) . Crude extracts were obtained by vortexing at high speed with glass beads (0.1-mm diameter) for 2 min three times with 1-min interludes during which the cells were kept on ice.
The N-acetylglucosaminidase assay was carried out in a 250-l volume containing 10 mM potassium phosphate (pH 6.8), 1 mM MgCl 2 , 5 mM p-nitrophenyl-N-acetyl-␤-D-glucosaminide (Sigma), and 5 l of permeabilized cells at 37°C. The reaction was stopped with 250 l of 5% Na 2 CO 3 , and the OD 420 was measured. Phospho-␤-galactosidase and -␤-galactosidase were assayed with onitrophenyl-␤-D-galactopyranoside-6-phosphate and o-nitrophenyl-␤-D-galactopyranoside as previously described (4). ␤-Glucuronidase activity was determined as previously described (34) . Protein contents were determined by the Bio-Rad dye-binding assay. The production of acetoin in B. subtilis grown in LB medium plus 1% glucose was assayed qualitatively by the Voges-Proskauer method.
Nucleotide sequence accession number. The nucleotide sequence presented in this paper is available from the EMBL database under accession no. U28137.
RESULTS
Cloning and sequence analysis of the L. casei ccpA gene. A set of primers (kindly provided by C. Lokman and P. Pouwels, TNO, Rijswijk, The Netherlands) synthesized from the sequence of the B. megaterium ccpA gene were used in a PCR with L. casei DNA as the template. A product of the expected size (800 bp) was obtained, cloned in pUC18, and sequenced, and the sequence showed good homology with the Bacillus ccpA gene. The DNA sequence obtained was then used to design a pair of specific primers in order to screen a EMBL3 L. casei library. A total of 1 of 500 lambda clones turned out to be positive. The DNA of one of these clones containing a 13-kb insert was isolated, and the ccpA-homologous region was mapped by Southern blotting and subcloned. on December 18, 2017 by guest http://jb.asm.org/ (ORFs) and part of a likely third one (Fig. 1) . The first ORF started with a TTG codon which had a potential RBS (AAG GAG) 8 bp upstream. A putative promoter region with characteristic features, such as AT-rich regions and two likely Ϫ10 (TG_TACTTT) and Ϫ35 (TTGCAT) regions, was also found. This region coincided with the transcriptional start point determined by primer extension (see below). This first gene encoded a protein of 333 amino acids with an estimated molecular mass of 36 kDa that displayed 54.3 and 54.6% identities with CcpA from B. subtilis and B. megaterium, respectively, and 51.3% identity with the product of the recently cloned ccpA gene from S. xylosus (11) (Fig. 2) . On the basis of this homology, this gene was designated ccpA. The product of this gene contained the DNA-binding helix-turn-helix motif, the putative dimerization, and the inducer-binding domains of proteins of the LacI-GalR family, as suggested by Weickert and Adhya (49) .
Downstream of the ccpA gene, a potential rho-independent terminator was found, followed by two ORFs that could be transcribed in the direction opposite to that of ccpA. One was incomplete, and no homology to other sequences in available data bases could be found. The second ORF could encode a 328-residue protein with good homology to transposases of insertion elements of the IS30 family, 46% identity to the transposase of ISAS2 from Aeromonas salmonicida (21) , and 45.5% identity to the transposase coded by IS1139 from Streptococcus salivarius (31) . The fact that two imperfect invertedrepeat sequences of 50 nt flank this ORF suggests that it could be an insertion element, which is present in single copy in the L. casei chromosome, as determined by Southern blotting (not shown).
Transcriptional analysis of ccpA. The transcriptional start point of the ccpA gene, which was determined by primer extension experiments, was located at nt Ϫ47 (A) relative to the translational start (Fig. 3A) . Transcription of ccpA seemed to be relatively constant under different growing conditions (0.5% glucose, lactose, and ribose), although the amount of the transcript was slightly smaller in cells grown on glucose.
A unique 1.1-kb RNA was detected by Northern blotting with a ccpA probe (Fig. 3B) . This result indicates that the ccpA gene is transcribed as a single RNA that would terminate at the stem-loop structure. Disruption of the L. casei ccpA gene. In order to inactivate ccpA by Campbell-like recombination, L. casei was transformed with pCCPA2.6. The first Erm r Cm r transformants contained one or several amplified tandem copies of the integrated vector (Fig. 4A) . One of the colonies with the plasmid integrated in single copy was grown for 200 generations on erythromycin-containing medium. Strains that had undertaken the second recombination event could be selected as Erm r Cm s colonies on MRS agar plates. That process favored the selection of clones with the excision of the integrated plasmid and disruption of the ccpA gene (Fig. 4B) . The strain constructed contained a stable integration of an erm determinant in ccpA.
The fermentation pattern of the mutant selected was exactly the same as that of the wild type, as determined by the API50-CH (Biomerieux) series, but its doubling times (t 2 ) on different sugars were clearly affected ( Table 1 ). The mutant showed t 2 values higher than that of the wild type on all of the eight sugars tested, and the values were notably greater on ribose or mannitol.
Enzymatic activities in the wild type and the ccpA mutant. The effect of the ccpA mutation on CR in L. casei was investigated by measuring N-acetylglucosaminidase and phospho-␤-galactosidase, two enzymatic activities that are subject to CR. The level of N-acetylglucosaminidase activity was low in the presence of glucose or fructose and progressively increased in lactose and ribose (Table 2 ). Glucose repressed this activity by a factor of 9.2 compared to ribose. In the ccpA mutant, CR of N-acetylglucosaminidase was abolished.
Phospho-␤-galactosidase activity was clearly induced by lactose in both the wild type and the ccpA mutant, since very low levels of activity were found when the cells were grown on glucose, fructose, or ribose ( Table 2 ). The presence of glucose or fructose in addition to lactose repressed the activity in the wild type by a factor of 73, regardless of whether the inoculum was pregrown on lactose (Table 2 ). In the ccpA mutant, glucose and fructose in addition to lactose still repressed the phospho-␤-galactosidase, but not as strongly as in the wild type (10-and 2.8-fold, respectively). This partial relief of CR in the ccpA mutant was found only when the cells had previously been pregrown on lactose (Table 2) . When a glucose-grown inoculum of the ccpA mutant was used in the assays, it showed phospho-␤-galactosidase activities similar to those of the wild type (3.0 and 3.3 nmol/min/mg of protein for lactose plus glucose and lactose plus fructose, respectively).
Influence of ccpA on the lacTEGF operon expression. Phospho-␤-galactosidase in L. casei ATCC 393 is encoded by the lacG gene, which is located in the lacTEGF operon, together with the genes for the lactose-specific PTS (lacE and lacF) and the regulator, lacT (15) . The strong CR of the phospho-␤-galactosidase led us to study in more detail the expression of this operon, which transcribed as a single mRNA (1). The promoter region of the lac operon has a putative cre site, with only one deviation from the consensus sequence (ATAAAAC GTTTACA); the cre overlaps the Ϫ35 sequence and a ribonucleic antiterminator sequence (RAT) plus a rho-independent terminator located downstream, both possibly involved in lactose induction by an antitermination mechanism mediated by LacT (1, 15) .
In order to determine if the observed CR was due to the binding of CcpA to the putative cre site, wild-type L. casei and the ccpA mutant were transformed with pNZlac. This plasmid carries a transcriptional fusion of the E. coli gusA gene to the cre-containing lac promoter. In this fusion, the RAT terminator area was not cloned to exclude the effect of lactose regulation. In spite of the high copy number of the plasmid, glucose repressed expression of the fused ␤-glucuronidase gene by ninefold compared to the activity found on ribose-grown cells (Table 3 ).
In the ccpA mutant, the transcription turned out to be sugar independent; however, its level was lower than that of the wild type. After deletion of the central AAGC sequence of the cre site (pNZ⌬lac [Table 3 ]), the glucose control of the fusion was lost. The SPO2 constitutive promoter (44) was used as a control. In pNZSPO2 (SPO2p::gusA), the expression of gusA was not sugar dependent and ␤-glucuronidase activities in the wild type and in the ccpA mutant were comparable (Table 3) . These results indicate that the cre sequence of the lac promoter is a target for CR and proves the involvement of the cloned ccpA gene in the CR of the lac operon in L. casei.
Complementation of a B. subtilis ccpA mutant. The similarities between ccpA from Bacillus species and L. casei prompted us to test the complementation of a B. subtilis ccpA mutant with the L. casei gene. B. subtilis GM1225 carries a fusion of the gluconate kinase promoter with the lacZ gene (gntRKЈ-lacZ), as well as a ccpA mutation (8) . In this strain, the expression of lacZ is induced by gluconate and is not repressed by glucose, while in GM1199, containing wild-type ccpA, the presence of a cre site in the reading frame of gntR causes a strong repression of ␤-galactosidase in the presence of glucose (Table  4) . Initial attempts to complement GM1225 expressing L. casei ccpA from its own initiation signals failed. However, placing L. casei ccpA under the control of vegetative gram-positive promoters and changing the RBS and start codon to adapt it to its new host (pGCCPA [see Materials and Methods]) allowed expression of the gene in B. subtilis. With this latter construct, the glucose-specific regulation of the gntRK operon was restored, although wild-type repression could not be reached (7-fold repression for the wild type and 3-fold repression for the complemented mutant, while in the control mutant it was 0.9-fold [ Table 4 ]). The presence of the L. casei ccpA gene also restored the capacity of GM1225 to produce acetoin in the presence of excess glucose as determined qualitatively by the Voges-Proskauer method, indicating that CcpA from L. casei could also act as an activator of the ackA gene in B. subtilis, which indirectly leads to the production of acetoin (22) .
DISCUSSION
CcpA belongs to the LacI-GalR family of repressors, which includes several proteins that act as specific regulators of operons (49) . This protein has been shown to be responsible for the main mechanism of CR in all of the low-GC-content grampositive bacteria in which it has been described (8, 12, 18, 23) . Other members of the LacI-GalR family with significant homology to CcpA have been described in these microorganisms, but their role in CR was not clearly established. For example, the regA gene from Clostridium acetobutylicum (6) was able to repress ␣-amylase synthesis in B. subtilis, but this effect was independent of the presence of glucose in the medium; the pepR1 gene from Lactobacillus delbrueckii subsp. lactis could activate the expression in E. coli of a promoter of a prolidase gene which contained a putative cre site (45) . In the present paper, we have tried to determine the mechanism underlying CR in L. casei. For this purpose, we have isolated a ccpA homolog from this organism and studied the pleiotropic effects of its mutation.
The genetic structure of the ccpA genes and surrounding region in Bacillus is quite conserved. In B. subtilis and B. megaterium, the ccpA gene is part of an operon with two other ORFs with a great homology to motA and motB, two genes encoding membrane integral proteins involved in flagellar motility (20, 27) ; however, disruption of these ORFs has no apparent phenotype in motility or CR. The ccpA gene from S. xylosus was found to be monocistronic, although the presence of acuC and b The inoculi for these assays were grown in lactose. acuA homologs downstream of ccpA suggests an operon structure similar to that in Bacillus (11) . In the case of the L. casei ccpA gene, the organization was also monocistronic. Transcriptional analysis with the L. casei ccpA gene indicated that transcription takes place from a promoter located immediately upstream and terminates at the end of the ccpA reading frame, in which a putative IS element (IS30-like) is located.
Regulation of CcpA synthesis has been studied for B. megaterium, in which it is expressed constitutively (27) . However, autoregulation of CcpA synthesis would not be a rare phenomenon, since this has been reported for other members of the LacI-GalR family (39, 50) . In S. xylosus, the ccpA gene is transcribed from two promoters; one is weak and constitutive, and the other possesses a cre sequence and is repressed by CcpA itself. This leads to a reduction in CcpA levels in cells grown with glucose; possibly this could be an adaptation to regulate the levels of available CcpA depending on the growth conditions (11) . In relation to the L. casei ccpA gene, no cre sequences with fewer than two mismatches to the consensus could be found in its promoter region and differences in the amounts of mRNA or reverse transcripts in cells grown with different sugars were not significant, indicating a constitutive transcription.
In this study, we have tried to determine the putative regulatory role of CcpA in L. casei. We could show that CR of the N-acetylglucosaminidase activity found in the wild type was completely released in the ccpA mutant. Phospho-␤-galactosidase was also partially released from CR in the ccpA mutant. The residual CR effect in phospho-␤-galactosidase activity could be explained by other control mechanisms involved in the regulation of the lac operon, such as inducer exclusion or expulsion (4), and an additional, CcpA-independent CR mechanism. Such a mechanism has been proposed for the bglPH operon in B. subtilis, a system with homologies to the lac operon of L. casei, and involves the RAT terminator region, the antitermination protein LicT, and PTS components (28) . This tight regulation would explain the need for using lactose pregrown cells (fully induced for the lac operon) to detect the effect of the ccpA mutation (see results).
At present, molecular genetic data are available only for phospho-␤-galactosidase, which is encoded within the lac operon. In experiments involving lacp::gusA fusions, we were able to show that both a cre sequence in the lac promoter and the ccpA gene were necessary for glucose control. The L. casei ccpA gene could also restore glucose regulation of a gntRKЈ-lacZ fusion and production of acetoin in a B. subtilis ccpA mutant, suggesting that the sequence conservation of L. casei CcpA was paralleled by a similar function of CcpA in this organism. These data clearly demonstrate that the cloned ccpA gene is actually involved in CR in L. casei. Although previously reported data suggested the presence of CcpA-like elements in other lactic acid bacteria (29, 30, 45) and their likely regulatory role, this is the first report in which a ccpA gene from a lactic acid bacterium has been conclusively shown to be involved in CR.
As in the B. megaterium ccpA mutants (27) , t 2 values were increased on all carbon sources in the L. casei ccpA mutant. This relates CcpA to other metabolic pathways and suggests that, in addition to its role in CR, it could also be involved in other regulatory processes. Indeed, in B. subtilis CcpA has been proved to mediate glucose activation of carbohydrate metabolism genes such as the acetate kinase gene (ackA) (19) .
Two different DNA-binding regulatory proteins responsible for cyclic AMP-independent CR have been detected in bacteria thus far: one mediated by Cra in enteric bacteria and the CcpA system in low-GC-content gram-positive bacteria (40) . Although Cra and CcpA belong to the same family of bacterial regulators and share a similar core sequence for DNA binding, they are clearly different in their mechanisms of action. Fructose phosphates are the effectors of Cra, and they displace it from DNA (38), while P-Ser HPr and glucose-6-P are the effectors of CcpA and promote its DNA binding (8, 16, 32) . It is noteworthy that Cra has the ability not only to repress genes involved in catabolism but also to activate anabolic genes, thus controlling the carbon flow of the cell (37) . The fact that at least one gene (ackA) has been shown to be positively regulated by CcpA raises the possibility that similar carbon flowcontrolling mechanisms are present in both gram-negative and gram-positive bacteria. Supporting this idea, cre sites have been found in genes encoding central glycolytic enzymes in several gram-positive bacteria (26) . Future research will be needed to answer this question and establish a more-accurate picture of the carbon regulatory pathways in gram-positive organisms, especially lactic acid bacteria.
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